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Description
FIELD OF ART

[0001] The present invention relates to an image processing method that estimates a concentration of a material
included in an object from a spectral image.

BACKGROUND ART

[0002] There has recently proposed a method for estimating a leaf color index using the remote sensing technology
for efficient and labor-saving agricultural work. For example, Patent Document 1 discloses a method of estimating a
SPAD (Soil & Plant Analyzer Development) value from a spectral measurement result of light reflected by a plant.

PRIOR ART DOCUMENT

PATENT DOCUMENT

[0003] Patent Document 1: Japanese Patent Laid-Open No. 2002-168771
SUMMARY OF THE INVENTION

PROBLEMS TO BE SOLVED BY THE INVENTION

[0004] The method disclosed in Patent Document 1 presumes that the light that has reached a light receiver is only
the light reflected by the plant. However, the leaf of the plant is a semitransparent object and thus transmitting light
transmitting through the leaf of the plant also reaches the light receiver as well as the reflected light reflected by the leaf
of the plant. In addition, a mixture ratio of the reflected light and the transmitting light changes according to the weather
(sunny, cloudy, etc.) and the position of the sun (altitude and azimuth). Therefore, the method disclosed in Patent
Document 1 has difficulty in highly accurately estimate the concentration of the material (leaf color, that is, the SPAD
value), because the mixture ratio of the reflected light and the transmitting light changes as the weather or the sun
position changes.

[0005] Accordingly, itis an object of the presentinvention to provide an image processing method, animage processing
apparatus, an imaging system, and a program, each of which can highly accurately estimate a concentration of a material
contained in an object from a spectral image.

MEANS TO SOLVE THE PROBLEM

[0006] An image processing method according to one aspect of the present invention includes an acquiring step of
acquiring an image obtained by imaging of an object, ambient light data during the imaging, and reflection characteristic
data and transmission characteristic data which depend on a concentration of a material contained in the object, and a
separating step of separating a reflected light component and a transmitting light component in the image using the
ambient light data, the reflection characteristic data, and the transmission characteristic data.

[0007] An image processing apparatus according to another aspect of the present invention includes an acquiring
means of acquiring an image obtained by imaging of an object, ambient light data during the imaging, and reflection
characteristic data and transmission characteristic data which depend on a concentration of a material contained in the
object, and a separating means of separating a reflected light component and a transmitting light component in the
image using the ambient light data, the reflection characteristic data, and the transmission characteristic data.

[0008] Animaging system according to another aspect of the present invention includes an image capturer configured
to capture an object, a detector configured to detect ambient light data when the object is captured by the image capturer,
and the image processing apparatus.

[0009] A program according to another aspect of the present invention causes a computer to execute the image
processing method.

[0010] Other objects and features of the invention will be described in the following embodiments.

EFFECT OF THE INVENTION

[0011] The present invention can provide an image processing method, an image processing apparatus, an imaging
system, and a program, each of which can highly accurately estimate a concentration of a material contained in an object
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from a spectral image.
BRIEF DESCRIPTION OF THE DRAWINGS
[0012]

FIG. 1 is a block diagram of an image processing system according to a first embodiment.

FIG. 2 is an explanatory diagram of a camera captured model according to the first embodiment.

FIG. 3 is a flowchart of an image processing method according to the first embodiment.

FIG. 4 is a flowchart of separation processing according to the first embodiment.

FIG. 5 is an explanatory diagram of reflection characteristic data and transmission characteristic data according to
the first embodiment.

FIG. 6is an explanatory diagram of other reflection characteristic data and transmission characteristic data according
to the first embodiment.

FIG. 7 is a result of the separation processing according to the first embodiment.

FIG. 8 is a block diagram of an image processing system according to a second embodiment.

FIG. 9 is an explanatory diagram of a camera captured model according to the second embodiment.

FIG. 10 is an explanatory diagram of a model for acquiring ambient light information according to the second
embodiment.

FIG. 11 is an explanatory diagram of a time change of the ambient light information according to the second em-
bodiment.

FIG. 12 is an explanatory diagram of a method of acquiring the ambient light information using a standard reflective
plate according to the second embodiment.

FIG. 13 is a flowchart of an image processing method according to the second embodiment.

FIG. 14 is an explanatory diagram of a difference in estimation accuracy of a material concentration depending on
a threshold according to the second embodiment.

FIG. 15 is an explanatory diagram of a SPAD value estimation result according to the second embodiment.

EMBODIMENTS FOR PRACTICING THE INVENTION

[0013] Referring now to the accompanying drawings, a description will be given of embodiments according to the
present invention. Corresponding elements in respective figures will be designated by the same reference numerals,
and a duplicate description thereof will be omitted.

FIRST EMBODIMENT

[0014] Referring now to FIG. 2, a description will be given of a camera captured model according to a first embodiment
of the present invention. FIG. 2 is an explanatory diagram of a camera captured model according to this embodiment.
FIG. 2 illustrates an object 140 to be captured by a camera (image pickup apparatus) 200. The object 140 is illuminated
by ambient light incident on the object 140 from each position on a hemispherical space in which the object 140 is placed.
In FIG. 2, the ambient light is divided into ambient light 120 that illuminates the back surface of the object 140 and
ambient light 130 that illuminates the front surface of the object 140.

[0015] The object 140 is a semitransparent object, the ambient light 120 is diffused and absorbed inside the object
140, and part of transmitting light (transmitting light 121) reaches the camera 200. On the other hand, the ambient light
130 is diffused and absorbed inside the object 140, and part of the reflected light (reflected light 131) reaches the camera
200. In this embodiment, the so-called diffuse reflected light reflected by such a process will be simply referred to as
reflected light, and is distinguished from regular reflection light reflected on the surface of the object 140.

[0016] Therefore, the image of the object 140 captured by the camera 200 is formed by a mixture of transmitting light
(transmitting light component) 121 and reflected light (reflected light component) 131 at a specific ratio. The mixture
ratio of the transmitting light 121 and the reflected light 131 changes as the ambient lights 120 and 130 fluctuate. In
particular, in imaging under outdoor ambient light, the mixture ratio of the transmitting light 121 and the reflected light
131 changes depending on the weather (sunny, cloudy, etc.) and the sun position (altitude and azimuth).

[0017] When the image is captured under the outdoor ambient light in this way, the mixture ratio of the transmitting
light 121 and the reflected light 131 is unknown and changes depending on the illumination environment during imaging.
Therefore, it is difficult to quantitatively estimate the concentration of the material (chlorophyll or the like) contained in
the object from the image captured in such a state. This embodiment can quantitatively estimate the concentration of
the material contained in the object by separating the transmitting light 121 and the reflected light 131 (separation
processing) from the spectral image captured under such ambient light. Hereinafter, the separation processing will be
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described in detail.

[0018] First, this embodiment formulates the camera captured model illustrated in FIG. 2, for example, as in the
expression (1).

[0019] [Expression 1]

Ly =Igpn+1Irn = kRIRO,an(C) + kTITO,nTn(C) oy

[0020] In the expression (1), |, represents a luminance value of an image (spectral image) captured by the camera
200, and a subscript n represents a wavelength number of the spectral image. For example, when the camera 200 is
an RGB camera, n = {1, 2, 3}, and li, 12, and I3 each indicate RGB luminance values. IR’n, and IT, n represent luminance
values when the reflected light 131 and the transmitting light 121 are acquired independently. Izg , and Iy , represent
the illuminances of the ambient lights 130 and 120 that illuminate the object 140, respectively. R, (c) and T,,(c) represent
spectral reflection characteristics (reflection characteristic data) and spectral transmission characteristics (transmission
characteristic data), respectively, depending on the concentration ¢ of the material contained in the object 140. In this
embodiment, each of the spectral reflection characteristic R,(c) and the spectral transmission characteristic T,(c) has
previously been stored as known library data in a storage device such as a memory. kg represents a ratio of the ambient
light 130 reflected by the object 140 and reaching the camera 200, and kt represents a ratio of the ambient light 120
passing through the object 140 and reaching the camera 200.

[0021] The lluminance information I, ,, and the illuminance information I , of the ambient lights 130 and 120 during
imaging are known and acquired, for example, by the ambient light information acquirer (detector) 110 illustrated in FIG.
2. In this embodiment, the ambient light information acquirer 110 includes an ambient light sensor (first ambient light
sensor) 111 and an ambient light sensor (second ambient light sensor) 112 installed in two different directions. The
ambient light sensor 111 acquires the illuminance information Iy , of the ambient light 120. The ambient light sensor
112 acquires the illuminance information Iz, , of the ambient light 130.

[0022] This embodiment acquires the ratio kg of the reflected light (reflected light component), the ratio k; of the
transmitting light (transmitting light component), and the concentration ¢ of the material contained in the object 140 by
performing the optimization (optimization calculation) represented by the following expression (2) using the camera
captured model formulated in this way.

[0023] [Expression 2]

min ¥4 || 1 = (krlrynRn(e) + krlr, o To(0) )| @)
kR,kT,C ! ! 2
[0024] In this expression (2),"|| || 2" represents the L2 norm. The separation processing according to this embodiment

means the execution of the optimization calculation of the expression (2), but the present invention is not limited to this
example. With kg kr and c obtained by the optimization, the reflected light (reflected light component) and the transmitting
light (transmitting light component) are separated and expressed as illustrated in the following expressions (3) and (4),
respectively.

[0025] [Expressions 3]

Ign = kRIRO,an(C) 3)

Iy, = kTITO,nTn(C) (1)

[0026] Therefore, this embodiment can separate the transmitting light 121 and the reflected light 131 from the spectral
image in which the transmitting light 121 and the reflected light 131 are mixed at an unknown mixture ratio. Further, this
embodiment can quantitatively estimate the concentration of the material contained in the object 140.

[0027] This embodiment relates to an image processing system (imaging system) that estimates the concentration of
the object (paddy rice leaf) 140 from the image (spectral image) acquired by the camera (RGB camera) 200. In this
embodiment, the concentration c in the expression (2) corresponds to the SPAD value.

[0028] Referring now to FIG. 1, a description will be given of the configuration of the image processing system 100
according to this embodiment. FIG. 1 is a block diagram of the image processing system 100. The image processing
system 100 includes an image capturer 101, an image processor (image processing apparatus) 102, a controller 103,
a memory 104, a communicator 105, a display unit 106, and an ambient light information acquirer 110. The image
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capturer 101 includes an imaging optical system 101a and an image sensor 101b. The image sensor 101b photoelec-
trically converts an optical image (object image) formed via the imaging optical system 101a and outputs an image
(image data) to the image processor 102. The image processor 102 has an acquiring means 102a and a separating
means 102b.

[0029] The image processing system 100 can be provided inside the camera 200. Alternatively, some functions such
as the image processor 102 of the image processing system 100 may be implemented in a computer (user PC) away
from the camera 200 or on cloud computing. In this case, the camera 200 has only part of the image processing system
100 including the image capturer 101.

[0030] FIG. 2illustrates the object 140 that is imaged under outdoor ambient light using the image processing system
100. As illustrated in FIG. 2, the ambient light information acquirer 110 of the image processing system 100 includes an
ambient light sensor 111 configured to acquire the illuminance incident on the back surface of the object 140, and an
ambient light sensor 112 configured to acquire the illuminance incident on the front surface of the object 140.

[0031] Referringnowto FIG. 3, adescription will be given of an image processing method according to this embodiment.
FIG. 3 is a flowchart of the image processing method according to this embodiment. Each step in FIG. 3 is mainly
executed by the acquiring means 102a or the separating means 102b in the image processor 102.

[0032] First, in the step S201, the image capturer 101 in the image processing system 100 images the object 140 by
the signal from the controller 103 and acquires an RGB image (spectral image). Then, the acquiring means 102a in the
image processor 102 acquires the image captured by the image capturer 101. At the same time as the step S201, in
the step S202, the ambient light information acquirer 110 (ambient light sensors 111 and 112) acquires (detects), based
on the signal from the controller 103, the ambient light information (ambient light data) Igg , and Itg . In this embodiment,
the ambient light information is information on the tint. Then, the acquiring means 102a acquires the ambient light
information Igg , and Iy , detected by the ambient light information acquirer 110.

[0033] The ambient light sensors 111 and 112 is made by disposing a diffuser on a sensor having the same spectral
sensitivity characteristic as that of the image capturer 101, and acquire ambient light information having the same spectral
wavelength as that of the image capturer 101. The ambient light sensors 111 and 112 may include a spectroradiometer,
and acquire the ambient light information Igg , and Iy , using the following expressions (5) and (6) with an acquired
spectral irradiance E(1), a spectral transmittance characteristic E(1) of the imaging optical system, and a spectral sen-
sitivity characteristic Sn()) of the image sensor.

[0034] [Expressions 4]

Iy = i Er(4,€) LIS, (A)dA 5)
Tegn = 17 Er(h, ©) LIS, (DA ©®

[0035] Inthe expressions (5) and (6), E1(1) is the illuminance of the ambient light 120, Eg(2) is the illuminance of the
ambient light 130, and A, { and A, , are the shortest wavelength and the longest wavelength, respectively, in the
wavelength band in which the image sensor 101b having the spectral sensitivity characteristic S,(1) has sensitivity.
[0036] Next, inthe step S210, the separating means 102b in the image processor 102 performs separation processing
based on the expression (2). Referring now to FIG. 4, a description will be given of the separation processing according
to this embodiment. FIG. 4 is a flowchart of the separation processing according to this embodiment. Each step in FIG.
4 is mainly executed by the separating means 102b in the image processor 102.

[0037] First,inthe step S211 the separating means 102b performs an optimization calculation based on the expression
(2). Next, in the step S212, the separating means 102b calculates the reflected light component and transmitting light
component of the expressions (3) and (4). In the steps S211 and S212, the separating means 102b utilizes the reflection
characteristic data and the transmission characteristic data of the object that have been previously stored.

[0038] Referring not to FIG. 5, a description will be given of the reflection characteristic data and the transmission
characteristic data in this embodiment. FIG. 5 is an explanatory diagram of reflection characteristic data and transmission
characteristic data. FIG. 5(a) is data showing SPAD value dependencies on the RGB reflectance and the RGB trans-
mittance that have been acquired in advance. A dot plotted point represents the RGB reflectance, a triangularly plotted
point represents the RGB transmittance, and a filled color corresponds to the SPAD value. This embodiment separates,
as illustrated in FIG. 5(a), the reflected light and the transmitting light utilizing the fact that the spectral reflection char-
acteristic and the spectral transmission characteristic have different characteristics from each other.

[0039] FIG. 5(b) plots the results of fitting the RGB reflectance and RGB transmittance of FIG. 5(a) into the following
expressions (7) and (8) by the least squares method using the SPAD value ¢ as a parameter.
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[0040] [Expressions 5]
Rn(c) = Zioan; - ¢! (7)

To(c) = Zilobni - cf (8)

[0041] In expressions (7) and (8), a, ;and by, ; are constants determined by the least squares method. In FIG. 5(b),
similar to FIG. 5(a), a dot plotted point represents the RGB reflectance, and a triangularly plotted point represents the
RGB transmittance.

[0042] This embodiment has stored information on the expressions (7) and (8) as the reflection characteristic data
and the transmission characteristic data of the object, respectively. The reflection characteristic data and the transmission
characteristic data are not limited to the above data. For example, as illustrated in FIG. 6, the reflectance characteristic
Rfl(c, 1) and the transmittance characteristic Trs(c, 1) of the object may be used. FIG. 6 is an explanatory diagram of
other reflection characteristic data and transmission characteristic data according to this embodiment. FIG. 6(a) illustrates
a spectral reflectance characteristic of the paddy rice leaf, where the abscissa axis represents a wavelength and the
ordinate axis represents a reflectance. The color of each line corresponds to the SPAD value shown on the color bar.
Similarly, FIG. 6(b) illustrates the transmittance characteristic of paddy rice, where the abscissa axis represents a
wavelength and the ordinate axis illustrates a transmittance.

[0043] When the reflection characteristic data and the transmission characteristic data as illustrated in FIG. 6 are used,
Ry(c) and T,(c) are preferably calculated using the following expressions (9) and (10) with the spectral transmittance
characteristic L(1) of the imaging optical system 101a and the spectral sensitivity characteristic Sn(L) of the image sensor
101b.

[0044] [Expressions 6]

R,(c) = fjn”f RFI(c, 2) L(A)S, (A)dA 9)

T (c) = fjn”f Trs(c, ) L(A)S, (A)dA (10)

[0045] Inexpressions (9) and (10), A, 4and ., ,are the shortest wavelength and the longest wavelength, respectively,
in the wavelength band in which the image sensor 101b having the spectral sensitivity characteristic Sn()\) has sensitivity.
[0046] In the step S211 the separating means 102b performs the optimization calculation of the expression (2) using
the spectral image, the ambient lightinformation, and the reflection characteristic data and the transmission characteristic
data of the object 140 stored in the memory 104. The optimization calculation can use a known optimization method,
such as a gradient method. As illustrated in the expressions (7) and (8), when R (c) and T, (c) are differentiable functions,
the expression (2) is also a differentiable function and thus a faster optimization calculation method such as the Newton
method and the trust region method can be used.

[0047] Referring now to FIG. 7, a description will be given of the result of the separation processing by the optimization
calculation. FIG. 7 is a diagram showing the result of the separation processing according to this embodiment and the
result of performing the optimization calculation using a trust region method in the step S211 in FIG. 4. FIG. 7(a) is an
image made by converting an RGB image of paddy rice captured by an RGB camera into a grayscale image. FIGs. 7(b)
to 7(d) are diagrams showing the results of optimizing calculations for the ratio kg of the reflected light, the ratio ky of
the transmitting light, and the concentration c of the material for each pixel of the paddy rise leaf. FIG. 7(e) is a diagram
showing a value f of the optimization evaluation function of the expression (2) on a logarithmic scale.

[0048] Inthe step S212in FIG. 4, the separating means 102b calculates the reflected light component and the trans-
mitting light component based on the expressions (3), (4), (7), and (8) from the ratio kg of the reflected light, the ratio
kg of the transmitting light, and the material concentration ¢ obtained in the step S211. As described above, this embod-
iment can separate the reflected light component and the transmitting light component from the spectral image of the
object. In the processing of calculating the expression (2), the material concentration c of the object 140 can be estimated.

SECOND EMBODIMENT

[0049] Next follows a description of a second embodiment according to the present invention. This embodiment esti-
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mates a SPAD value of a rice leaf from the spectral image acquired by the RGB camera in the same manner as in the
first embodiment.

[0050] Referring now to FIGs. 8 and 9, a description will be given of a configuration of an image processing system
300 and the camera captured model according to this embodiment.

[0051] FIG. 8is a block diagram of the image processing system 300. FIG. 9 is an explanatory diagram of the camera
captured model, and illustrates the object 140 that is captured under outdoor ambient light using the image processing
system 300. The image processing system 300 according to this embodiment is different from the image processing
system 100 according to the first embodiment having an ambient lightinformation acquirer 110 in that the image process-
ing system 300 includes an ambient light information acquirer (detector) 310. As illustrated in FIGs. 8 and 9, the ambient
light information acquirer 310 exclusively includes a single ambient light sensor 113. Since the other configuration of
the image processing system 300 is the same as that of the image processing system 100, a description thereof will be
omitted.

[0052] Next follows a description of the reason for using only one ambient light sensor 113 in this embodiment. FIG.
10 is an explanatory diagram of the ambient light information acquiring model in this embodiment, and illustrates the
arrangement of the ambient light sensor 111 arranged westward and the ambient light sensor 112 arranged eastward.
The ambient light sensors 111 and 112 have a configuration in which a diffuser plate is attached to an RGB color sensor.
[0053] FIG. 11 is an explanatory diagram of a time change of the ambient light information, and plots the ambient light
information acquired by the ambient light sensors 111 and 112. In FIG. 11, WBg ,, WBg |, WBy ,, and WB+  are white
balance correction coefficients calculated using the following expressions (11) to (14) with the illuminance information
Iro, n @cquired by the ambient light sensor 112 and the illuminance information Iy , acquired by the ambient light sensor
111.n={1, 2, 3}, indicating that the values are acquired by the color sensors of R, G, and B in this order.

[0054] [Expressions 7]

WBgp = Ig,2/Ir, 3 (11)
WBg, = 1R0,2/1R0,1 (12)
WBy, = Ir, 5/17, 3 (13)
WBr, = 1T0,2/1T0,1 (14)

[0055] FIG. 11(a)is a diagram that plots the time change of the white balance correction coefficient when it is cloudy.
A black dot represents WBg |, a white dot represents WBy ,, a black square represents WBg [, and a white square
represents WB+ . As illustrated in FIG. 11(a), when it is cloudy, WBg |, and WB+ |, are equal to each other and WBg,
and WBy , are equal to each other regardless of the arrangement orientation of the ambient light sensor. FIG. 11(b) is
a diagram that plots the time change of the white balance correction coefficient when it is sunny in the same manner as
in FIG. 11(a). When it is sunny, WBg , and WBy ,, are equal to each other and WBg  and WB+ | are equal to each
other at only around midday when the sun crosses the meridian.

[0056] Accordingly, this embodiment captures a spectral image when the white balance correction coefficient does
not depend on the arrangement orientation of the ambient light sensor (such as within 2 hours before and after the sun
crosses the meridian). Thereby, even the single ambient light sensor 113 can execute the separation processing of the
reflected light and the transmitting light.

[0057] At such a time (such as within 2 hours before and after the sun crosses the meridian), the white balance
correction coefficient does not depend on the orientation of the ambient light sensor. Therefore, the ambient light sensor
113 according to this embodiment is installed upwardly, for example, as illustrated in FIG. 9, and can acquire the ambient
light information. Where Iz, , is the ambient light information acquired by the ambient light sensor 113 and I . = m-lgq ¢
(mis a proportional constant), the expression (2) for the optimization calculation can be transformed as in the expression
(15).

[0058] [Expression 8]

min Z%l:l”ln/IRo,n - (kRRn(C) + k,TTn(C))HZ (15)

krkiT,Cc
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[0059] In the expression (15), k't = m-ky, and R, (c) and T,(c) use the data of the expressions (7) and (8). The method
of acquiring the ambient light information Iz, ,, is not limited to the above method, and as illustrated in FIG. 12, a standard
reflective plate 114 is imaged by the camera 200, and the ambient light information IR, ,, may be acquired from the
pixel values of the image of the captured standard reflective plate. FIG. 12 is an explanatory diagram of a method of
acquiring ambient light information using the standard reflective plate 114.

[0060] Referring now to FIG. 13, a description will be given of the image processing method according to this embod-
iment. FIG. 13 is a flowchart of the image processing method (SPAD value estimating method) according to this em-
bodiment. Each step in FIG. 13 is mainly executed by the acquiring means 102a or the separating means 102b in the
image processor 102.

[0061] First, in the step S401, the image capturer 101 in the image processing system 300 images the object 140 in
response to the signal from the controller 103 and acquires an RGB image (spectral image). Then, the acquiring means
102a in the image processor 102 acquires the image captured by the image capturer 101. At the same time as the step
S401, in the step S402, the ambient light information acquirer 310 (ambient light sensor 113) acquires (detects) the
ambient light information (ambientlightdata) Iz, , when the image is captured in response to the signal from the controller
103. Then, the acquiring means 102a acquires the ambientlightinformation Iz, , detected by the ambient lightinformation
acquirer 310.

[0062] Next, in the step S403, the image processor 102 extracts the captured area (object area) of the paddy rice as
the object 140. As a method for extracting the paddy rice area, for example, an image may be generated by converting
an RGB image into an HSV color space, and pixels within a range of hue angles that can be taken by the paddy rice
leaves may be extracted as the paddy rice area.

[0063] Next, in the steps S405 and S406, the separating means 102b in the image processor 102 performs the
separation processing. First, in the step S404, the separating means 102b performs an optimization calculation based
on the expression (15) for each pixel of the paddy rice area extracted in the step S403. Next, in the step S405, the
separating means 102b calculates the reflected light component I'y |, whose ambient light component is corrected, using
the following expression (16) with the ratio kg of the reflected light and the concentration c calculated in the step S404.
[0064] [Expression 9]

IIR,n = IR,n/IRO,n = kgRy(c) (16)

[0065] Next, in the step S406, the image processor 102 calculates NGRDI (Normalized Green Red Difference Index)
as an index (growth index) that correlates with the SPAD value. NGRDI is calculated based on the following expression
(17) using the reflected light component calculated in the step S405.

[0066] [Expression 10]

NGRDI = (I'g; —1'g1)/(I'r2 + I'r1) a7

[0067] Finally, in the step S407, the image processor 102 converts NGRDI into a SPAD value using the following
expression (18), which is a correlation expression between NGRDI and the SPAD value.
[0068] [Expression 11]

SPAD value=Y ¥ , d;NGRD I (18)

[0069] In the expression (18), d; is a constant representing a correlation between NGRDI and the SPAD value.
[0070] In the separation processing according to this embodiment, the material concentration c (corresponding to the
SPAD value) is calculated by the optimization calculation of the expression (15), but the calculated material concentration
c and the ratio kg, of the reflected light contain errors. Therefore, this embodiment performs processes of the steps S405
to S407 in order to estimate the material concentration with more redundancy.

[0071] The method according to this embodiment can improve the estimation accuracy of the SPAD value by using
to estimate the SPAD value the optimization calculation result of only pixels having values f of the optimization evaluation
function of the expression (15) are equal to or less than a threshold fy,. FIG. 14 is an explanatory diagram of a difference
in estimation accuracy of the SPAD value (material concentration) with respect to the threshold fy,. In FIG. 14, the
abscissa axis represents the threshold f;,, and the ordinate axis represents the root mean square error RMSE between
the average value and the correct value of the SPAD value estimation results of the pixels equal to or smaller than the
threshold fy,. As illustrated in FIG. 14, the estimation accuracy of the SPAD value can be improved by properly setting
the threshold fy,.



10

15

20

25

30

35

40

45

50

55

EP 3 971 553 A1

[0072] FIG. 15 is an explanatory diagram of the SPAD value estimation result, and illustrates the result of estimating
the daily change of the SPAD value from the RGB image captured by a fixed-point camera. In FIG. 15, the abscissa
axis represents the date and the ordinate axis represents the SPAD value. In FIG. 15, a squarely plotted point represents
an estimation result when the separation processing according to this embodiment is not performed in the steps S404
and S405, and a dot plotted point represents an estimation result when the separation processing is performed. An
asterisk plotted point represents a correct value, and an average value of the results measured by the SPAD meter is
adopted as the correct value for 10 strains of paddy rice in the image estimation area. An error bar represents the
standard deviation. Therefore, as illustrated in FIG. 15, the separation processing according to this embodiment can
quantitatively estimate the material concentration.

(OTHER EMBODIMENTS)

[0073] The presentinvention can supply a program that implements one or more functions of the above embodiments
to a system or apparatus via a network or a storage medium, and can be implemented by one or more processors in a
computer of the system or apparatus configured to read and execute the program. It can also be implemented by a
circuit (e.g., an ASIC) that implements one or more functions.

[0074] Thus, in each embodiment, the image processing apparatus (image processor 102) has the acquiring means
102a and the separating means 102b. The acquiring means acquires the image of the object (spectral image), the
ambient light data (information on the tint) when the object is imaged, and the reflection characteristic data (R,(c)) and
transmission characteristic data (T,(c)) that depend on the concentration (SPAD value) of the material (chlorophyll, etc.)
contained in the object. The separating means separates the reflected light component (I ) and the transmitting light
component (I ) from the image using the image, the ambient light data, the reflection characteristic data, and the
transmission characteristic data. Thereby, the image processing apparatus according to each embodiment can separate
the reflected light component and the transmitting light component from the spectral image obtained by imaging the
semitransparent object. Therefore, each embodiment can provide an image processing method, an image processing
apparatus, an imaging system, and a program, each of which can highly accurately estimate the concentration of a
material contained in an object from a spectral image.

[0075] Although preferable embodiments of the present invention have been described above, the present invention
is not limited to these embodiments, and various modifications and changes can be made within the scope of the gist
thereof.

[0076] In particular, in each embodiment, a paddy rice leaf were taken as an example as an object, but it can also be
applied to another object. In each embodiment, the RGB spectral image is captured as an example, but each embodiment
is also applicable to a multiband image and a hyperspectral image having four or more spectral wavelengths. In each
embodiment, the image capturer and the ambient light information acquirer are separated from each other, but the image
capturer and the ambient light information acquirer may be integrated with each other. The evaluation function for the
optimization is not limited to the expressions (2) and (15) and, for example, the L1 norm may be used instead of the L2
norm. Each embodiment illustratively executes the optimization calculation in the image processing apparatus, but the
optimization calculation with heavy processing may be executed on the cloud computing.

Claims
1. Animage processing method comprising:

an acquiring step of acquiring an image obtained by imaging of an object, ambient light data during the imaging,
and reflection characteristic data and transmission characteristic data which depend on a concentration of a
material contained in the object; and

a separating step of separating a reflected light component and a transmitting light component in the image
using the ambient light data, the reflection characteristic data, and the transmission characteristic data.

2. The image processing method according to claim 1, wherein the separating step includes an optimizing step for
acquiring, through optimization, a ratio of the reflected light component and a ratio of the transmitting light component
to a luminance value of the image.

3. The image processing method according to claim 2, wherein the ambient light data includes first illuminance infor-
mation acquired by a first ambient light sensor and second illuminance information acquired by a second ambient
light sensor, and
wherein the optimizing step performs the optimization using the following expression:
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[Expression 1]

min Th_, ||1n — (KrlponRn(©) + krlz nTa(©)|

kR,kT,C

where |, is the luminance value of the image, Iy ,, is the first illuminance information, Ig, , is the second illuminance
information, c is the concentration of the material, R,,(c) is the reflection characteristic data, and T,(c) is the trans-
mission characteristic data, kg is the ratio of the reflected light component, and ky is the ratio of the transmitting
light component.

The image processing method according to claim 2, wherein the ambient light datais illuminance information acquired
by an ambient light sensor, and

wherein the optimizing step performs the optimization using the following expression:

[Expression 2]

L
kg,llfgc Z ||In h (kRITROInR”(C) T kTITRO'”Tn(C)) ”2
n=1

where I, is the luminance value of the image, lgq , is the illuminance information, c is the concentration of the
material, R, (c) is the reflection characteristic data, and T,(c) is the transmission characteristic data, kg is the ratio
of the reflected light component, and kr is the ratio of the transmitting light component.

The image processing method according to any one of claims 2 to 4, wherein the separating step includes a step
of calculating at least one of the reflected light component or the transmitting light component using the ratio of the
reflected light component, the ratio of the transmitting light, and the concentration of the material.

The image processing method according to any one of claims 1 to 5, wherein the reflection characteristic data and
the transmission characteristic data are a function of the concentration of the material.

The image processing method according to claim 6, wherein the reflection characteristic data and the transmission
characteristic data are differentiable with respect to the concentration of the material.

The image processing method according to any one of claims 1 to 7, wherein the object is a leaf of a plant and the
material is chlorophyll.

An image processing apparatus comprising:

an acquiring means of acquiring an image obtained by imaging of an object, ambient light data during the
imaging, and reflection characteristic data and transmission characteristic data which depend on a concentration
of a material contained in the object; and

a separating means of separating a reflected light component and a transmitting light component in the image
using the ambient light data, the reflection characteristic data, and the transmission characteristic data.

The image processing apparatus according to claim 9, wherein the separating means acquires, through optimization,
a ratio of the reflected light component and a ratio of the transmitting light component to a luminance value of the
image.

The image processing apparatus according to claim 10, wherein the ambient light data includes first illuminance
information acquired by a first ambientlight sensor and second illuminance information acquired by a second ambient
light sensor, and

wherein the separating means performs the optimization using the following expression:

[Expression 3]

10
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min Th_, ||1n — (KrlponRn(©) + krlz nTa(©)|

kR,kT,C

where |, is the luminance value of the image, Iy , is the firstilluminance information, Irg n is the second illuminance
information, c is the concentration of the material, R,,(c) is the reflection characteristic data, and T,(c) is the trans-
mission characteristic data, kg is the ratio of the reflected light component, and ky is the ratio of the transmitting
light component.

The image processing apparatus according to claim 10, wherein the ambient light data is illuminance information
acquired by an ambient light sensor, and

wherein the separating means performs the optimization using the following expression:

[Expression 4]

L
kz,llg%c Z ||In - (kRITRofnR”(C) T kTITRO'”Tn(C)) ”2
n=1

where I, is the luminance value of the image, lgq , is the illuminance information, c is the concentration of the
material, R, (c) is the reflection characteristic data, and T,(c) is the transmission characteristic data, kg is the ratio
of the reflected light component, and ky is the ratio of the transmitting light component.

The image processing apparatus according to any one of claims 10 to 12, wherein the separating means includes
a step of calculating at least one of the reflected light component or the transmitting light component using the ratio

of the reflected light component, the ratio of the transmitting light, and the concentration of the material.

The image processing apparatus according to any one of claims 9 to 13, wherein the reflection characteristic data
and the transmission characteristic data are a function of the concentration of the material.

The image processing apparatus according to claim 14, wherein the reflection characteristic data and the transmis-
sion characteristic data are differentiable with respect to the concentration of the material.

The image processing apparatus according to any one of claims 9 to 15, wherein the object is a leaf of a plant and
the material is chlorophyll.

An imaging system comprising:

an image capturer configured to capture an object;

a detector configured to detect ambient light data when the object is captured by the image capturer; and

the image processing apparatus according to any one of claims 9 to 15.
The imaging system according to claim 17, wherein the detector exclusively includes a single ambient light sensor,
and

wherein the ambient light data has illuminance information detected by the single ambient light sensor.

A program that causes a computer to execute the image processing method according to any one of claims 1 to 8.

1"



EP 3 971 553 A1

_—100

AMBIENT LIGHT INFORMATION
ACQUIERER 110

111’{ — 112

IMAGE CAPTURER
101

IMAGE
PROCESSOR CONTROLLER
102 103

Sue.

101a 101b 102a  102b

MEMORY COMMUNI- DISPLAY UNIT
CATOR
104 105 106

FIG. 1

120

110

FIG. 2

12

130



EP 3 971 553 A1

( START )

Sz({L ACQUIRE —/.3202
ACQUIRE IMAGE AMBIENT LIGHT
INFORMATION

S210\_[" SEPARATION

e
S

REFLECTION

PROCESSING

o

FIG. 3

CHARACTERISTIC DATA

TRANSMISSION
CHARACTERISTIC DATA

N~

S211 \_,/

|  OPTIMIZATION REFLECTION
CALCULATION CHARACTERISTIC DATA
TRANSMISSION
CHARACTERISTIC DATA
$o12 | CALCULATE REFLECTED ~N_
\_| LIGHT COMPONENT/
TRANSMITTING LIGHT
COMPONENT

( END )
FIG. 4

13



EP 3 971 553 A1

||  LHDITONI
~LLINSNVYL V

IHOI'T

d41L0dT149d O
tl\..-‘fiL.E\m[‘

SAN'TVA DY

IHOI'TONI
~LLINSNVYL V

LHOI'T
QILOATITE O -G

SHII'TVA 9D

14



SPECTRAL TRANSMITTANCE

SPECTRAL REFLECTANCE

EP 3 971 553 A1

AN TVA AVdS

v O N O n O N O
<t - o AN AN —

e e L A R )
-~ © ¥ T on a4 -

[26] ADNV. LLIANSNV L

ANTVA AVdS
= = R =
X T AN —

e T T S
-~ © ¥ < on a4 -~

[%] AONV LOATITAI

15

600 700 800 900

500

400

500 600 700 800 900

400

WAVELENGTH [nm]

WAVELENGTH [nm]

FIG. 6B

FIG. 6A



EP 3 971 553 A1

(Pso7

HL "DId

NOILLONNA
NOILVY'ITVAHA

dLl OIid

° T
0€
S€
ot
St |
0s

NOILVILNHONOD

L DOIA d. DIA
0, 0
0 0
rof b0
90| 90|
780 780
I I
al Tl
alk al
o - o1
INHAIDIAAJ0D LINAIDIAAd0D
LINANOdINOD INANOdINOD
LHOI'TONILLINSNVYL LHOI'T A4.LOdT1d9d

[9A9T ABID)

VL DId

00C |

0ST el

HOVINL HTVOSAVED

16



EP 3 971 553 A1

_— 300
AMBIENT LIGHT INFORMATION
ACQUIERER 310
13- [
IMAGE CAPTURER
101
IMAGE
PROCESSOR CONTROLLER
102 103
[ \ [ [
101a 101b 102a__ 102b
MEMORY COMMUNI- DISPLAY UNIT
CATOR
104 105 106

FIG. 8

17




EP 3 971 553 A1

120 130

120 130

111 S 112
L J

18



EP 3 971 553 A1

dIil DId

ANNNS®INAIDIAIF0D dM

v'0
SV 0
¢o
$S0
90
$90
L0
SLO
80

g

INHIDIAAHOD

VII DId

HINIL

FLEM o
TLIM-0-
TG A -

N S S S

AANOTO®) INAIDIAIA0D 9M

v'0
Yo
¢o
$S0
90
$90
L0
SLO
80

-

INHIOIAAHOD

19



EP 3 971 553 A1

130

114

FIG. 12

20



EP 3 971 553 A1

( START )

401 |
¢ ACQUIRE AMBIENT 5302
/_/
ACQUIRE IMAGE LIGHT INFORMATION
|
$403
EXTRACT OBJECT AREA [
OPTIMIZATION r_§404
CALCULATION
SEPARATION
PROCESSING $405
CALCULATE s
REFLECTED LIGHT
406
CALCULATE GROWTH INDEX |
407
CALCULATE SPAD VALUE

o

FIG. 13

21



EP 3 971 553 A1

FIG. 14

22



EP 3 971 553 A1

¢1 DOId

DONISSHDOYd NOILVIVdAS LOOHLIM {3

AN TVA HLOYL ANNO¥O - § -
DONISSHI0Ud NOILVYVdES HLIM O

o

q4 &
AN TVA dVdS

L

L TASHY SISONDVIA HOVINT A1'TVA AdVdS

w
—

S N O n O
vt <t N N

23



10

15

20

25

30

35

40

45

50

55

EP 3 971 553 A1

INTERNATIONAL SEARCH REPORT

International application No.

PCT/JP2020/016789

A. CLASSIFICATION OF SUBJECT MATTER

FI: GO1N21/27A, G06T1/00285

Int.Cl. GO1IN21/27(2006.01)1i, GO6T1/00(2006.01)1

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
Int.Cl. GOIN21/00-21/61, GO06T1/00, GO6T7/00, A01G7/00

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
Published examined utility model applications of Japan
Published unexamined utility model applications of Japan
Registered utility model specifications of Japan
Published registered utility model applications of Japan

1922-1996
1971-2020
1996-2020
1994-2020

JSTPlus/JMEDP1lus/JST7580 (JDreamIII)

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

A JP 2018-151832 A (CANON INC.) 27.09.2018 (2018-09- 1-19
27)

A JP 2002-168771 A (EBARA CORPORATION) 14.06.2002 1-19
(2002-06-14)

A JP 2004-301810 A (EBARA CORPORATION) 28.10.2004 1-19
(2004-10-28)

A WO 2016/181743 Al (KONICA MINOLTZA, INC.) 1-19
17.11.2016 (2016-11-17)

A WO 2018/180954 Al (KONICA MINOLTA, INC.) 1-19
04.10.2018 (2018-10-04)

A US 2008/0239293 Al (FUCHIGAMI et al.) 02.10.2008 1-19
(2008-10-02)

A US 2018/0018537 Al (KIM et al.) 18.01.2018 (2018~ 1-19
01-18)

|:| Further documents are listed in the continuation of Box C.

|Z See patent family annex.

* Special categories of cited documents:

“A”  document defining the general state of the art which is not considered
to be of particular relevance

“E”  earlier application or patent but published on or after the international
filing date

“L”  document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

“Q”  document referring to an oral disclosure, use, exhibition or other means

“P”  document published prior to the international filing date but later than
the priority date claimed

“T” later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

“X”  document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

“Y”  document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&”  document member of the same patent family

Date of the actual completion of the international search
17.06.2020

Date of mailing of the international search report

30.06.2020

Name and mailing address of the ISA/
Japan Patent Office
3-4-3, Kasumigaseki, Chiyoda-ku,
Tokyo 100-8915, Japan

Authorized officer

Telephone No.

Form PCT/ISA/210 (second sheet) (January 2015)

24




10

15

20

25

30

35

40

45

50

55

EP 3 971 553 A1

INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No.

PCT/JP2020/016789

JP

Jp

JP

WO

WO

us

Us

2018-151832 A 27.09.2018

2002-168771 A 14.

2004-301810 A  28.

2016/181743 Al 17.

2018/180954 Al 04.

2008/0239293 Al 02.

2018/0018537 Al 18.

06.

10.

11.

10.

10

01

2002

2004

2016

2018

.2008

.2018

us
CN

2018/0262666 Al
108573508 A

(Family: none)

(Family: none)

CN
KR
KR

CN

WO
EP

107532997 A

10-2017-0133505 A
10-2019-0085181 A

110537197 A

2007/062196 A2
1952124 A

(Family: none)

Form PCT/ISA/210 (patent family annex) (January 2015)

25




EP 3 971 553 A1
REFERENCES CITED IN THE DESCRIPTION
This list of references cited by the applicant is for the reader’s convenience only. It does not form part of the European
patent document. Even though great care has been taken in compiling the references, errors or omissions cannot be
excluded and the EPO disclaims all liability in this regard.

Patent documents cited in the description

e JP 2002168771 A[0003]

26



	bibliography
	abstract
	description
	claims
	drawings
	search report
	cited references

